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ABSTRACT 
Liquid crystal (LC) lasers have gained a lot of research interest in the last decade. Especially out-of-plane emitting chiral 
nematic liquid crystal (CLC) lasers have been studied extensively. These regular CLC lasers have a one-dimensional 
(1D) structure and the active cavity length is inherently limited. By using CLCs in two- and three-dimensional structures, 
the flexibility and applicability of the laser structures can be strongly enhanced. In this paper we focus on 2D in-plane 
emitting CLC lasers with a lying helix structure. We elaborate further on different techniques to obtain the lying helix 
structure and we analyze the lasing properties and compare these to regular 1D out-of-plane emitting CLC and NLC 
lasers. Both differences in emission spectrum, laser threshold, slope efficiency and maximal output energy are discussed. 
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1. INTRODUCTION
Combining liquid crystals with light emitting materials offers interesting possibilities for lighting and lasing applications.
Liquid crystal lasers have great potential as small size, low-cost, widely tunable lasers. Dye-doped chiral nematic liquid 
crystals are often used as active laser media since a photonic bandgap for visible light is spontaneously formed. 
However, since the first demonstration of lasing in chiral nematic liquid crystals (CLCs),
1
 many other types of liquid 
crystal lasers have been demonstrated.
2
 Different liquid crystal phases, such as the blue phase,
3
 the smectic phase
4
 and 
the (non-chiral) nematic phase
5
, have been used and different lasing mechanisms and configurations have been exploited 
to modify the lasing properties. The main advantage of LC lasers is that the lasing properties (wavelength, power, etc.) 
can be tuned thanks to the electro-optic coefficients which are magnitudes larger than for other materials. Moreover, low
threshold lasing can be obtained in compact devices and the production process is cheap and highly optimized thanks to 
the LC display technology.  
Up to today, the CLC laser in which the molecules twist with respect to each other is still the most common type of LC 
laser. The spontaneously formed periodic structure gives rise to a photonic bandgap with a corresponding selective
reflection band. In this way, no extra cavity mirrors are needed and optical gain can be obtained by adding dye materials 
to the CLC. Light emission is inhibited in the stop band and enhanced at the band edges where the density of states is 
increased and the group velocity approaches zero. When the right amount of chiral dopant is added, the optical bandgap 
is matched with the emission wavelength of the dye and sufficient optical pumping will result in (bandedge) laser 
emission.  
Figure 1 1D out-of-plane emitting CLC laser (left) versus 2D in-plane emitting CLC laser (right) 
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In the common out-of-plane emitting CLC lasers with a helical axis perpendicular to the glass substrates, the structure is 
one-dimensional (figure 1). The inherent periodicity of chiral nematic liquid crystals can also be used to obtain lasing in 
two- and three-dimensional structures. Under certain conditions, the helical axis can be aligned parallel to the glass 
substrates after infiltration of the CLC. In this case the structure is two-dimensional and light is emitted in the direction 
parallel to the glass substrates (figure 1). A three-dimensional laser structure can for example be obtained by making 
liquid crystal microdroplets. Kasano et al.
6
 were the first to demonstrate tunable lasing in the 2D chiral smectic lying 
helix structure while Strangi et al.
7
 first demonstrated lasing in the chiral nematic lying helix structure. Inoue et al.
8
 have 
shown that the laser threshold for in-plane emitting CLC lasers can be up to 35 times lower compared to the regular 1D 
CLC lasers. Omnidirectional lasing in microdroplets was demonstrated by Humar et al.
9
 and Barna et al. provided us 
with the first exploratory work about lasing in cylindrical microcavities.
10
Both experimentally and theoretically some challenges remain in studying two- and three-dimensional LC lasing 
structures. In this paper we elaborate further on 2D in-plane emitting CLC lasers with a lying helix structure. We first 
give an overview of some experimental techniques that can be used to obtain a lying helix structure. The stability over 
time and the number of defects in the structure strongly depends on the used fabrication procedure. Further on, we
discuss the laser properties of the in-plane emitting CLC laser and we compare these to the properties of regular 1D CLC 
and NLC lasers. 
2. EXPERIMENTAL TECHNIQUES TO OBTAIN A LYING HELIX STRUCTURE
In this section, several methods are discussed to align CLC in an in-plane lying helix structure. Unlike regular CLC 
lasers, appropriate alignment conditions to stabilize the liquid crystal in a lying-helix structure are not easy to obtain 
experimentally. The regular 1D CLC configuration with a periodicity perpendicular to the substrates, also called the 
Grandjean structure, is the stable state in a cell with uniform planar alignment and even in a cell with strong homeotropic
alignment layers the Grandjean configuration has a lower energy than the lying helix structure.
12
 In the case of strong 
homeotropic anchoring, the energy difference is however low and the lying helix structure can be metastable under 
certain conditions. Unfortunately, a homeotropic alignment layer is rotationally symmetric and cannot provide any 
preferential direction of the helix axis. For this reason, when the cell is forced in a lying helix configuration, small 
domains with randomly oriented helixes will appear.  
To obtain a well oriented and stable lying helix structure, several techniques can be used. So far, none of them proved to 
be ideal.  Some techniques will be described in the following sections and the results will be compared. 
Cell with planar alignment layers and an applied voltage 
In a cell with planar alignment layers on both substrates, the CLC can be forced into a lying helix structure by applying a 
voltage. The direction of the lying helix axis is defined by the rubbing direction of the planar alignment layers. The
structure however relaxes to the more stable Grandjean structure when the voltage is removed. Moreover, typically a lot 
of defects are visible in the obtained lying helix structure (figure 2). 
Figure 2 Lying helix structure observed between crossed polarizers in a 3μm cell with planar alignment layers. The
applied voltage is 11Vrms and the helix axis makes an angle of 45° (left) and 0° (right) with the analyzer. The orientation 
of the helix axis is indicated in a white arrow. 
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In a first order approximation, the helix axis orients perpendicular to the planar alignment direction. Salter et al. 
demonstrated that the exact alignment angle depends on the material properties and on the applied electric field during 
the cooling process from the isotropic to the cholesteric state.
11 
They also discuss the possibility to obtain a lying helix 
structure with less defects by using nonparallel planar alignment layers on both substrates. 
Cell with homeotropic alignment layers 
As explained earlier, the lying helix structure can be metastable in a cell with homeotropic alignment layers on both 
substrates. To align the helix in one preferential direction, it is necessary to break the azimuthal degeneracy of the 
alignment layer. This can be achieved in several ways: Outram et al. produced a unidirectionally oriented scratched 
surface by polishing the glass substrate with a 6μm diamond lapping compound,12 while Carbone et al. induced a 
periodic surface relief structure on the substrate.
13 
Both methods promote a single direction by seeding the lines of 
surface anchoring breaking, associated with the topological incompatibility of the lying helix structure that is confined 
by homeotropic alignment layers. In thin cells (≤7μm), the polishing technique resultsed in a stable lying helix structure 
without the need for electric field alignment, but the number of defects was relatively large. Carbone et al. used an 
electric field to obtain a stable lying helix texture on the periodic structure, but the quality of the texture was not 
satisfying and the method was not suited for large area devices.  
Cell with interdigitated electrodes 
Another technique that can be used to break the azimuthal degeneracy of the homeotropic alignment layer makes use of 
interdigitated electrodes to apply an inhomogeneous electric field. The field inhomogeneity breaks the degeneracy in the 
helical axis orientation, giving rise to unidirectional lying helix alignment.
7,14
 We use 3μm cells with homeotropic 
alignment layers in combination with interdigitated electrodes of different dimensions. The electrode width is equal to 
the gap between the electrodes and the tested dimensions are 6μm and 20μm. An electric field of 3V/μm is applied while 
cooling the sample from the isotropic to the nematic phase.  
 
Figure 4 Lying helix structure observed between crossed polarizers in a 3μm cell with homeotropic alignment layers. A 
voltage of 3V/μm is applied during the cooling process and the gap between the electrodes is respectively 6μm (top) and 
20μm (bottom). The pictures on the left, middle and right are taken shortly after removing the voltage, after two days and 
after 2 months. The region that is shown is not always exactly the same. The helix axis makes an angle of 45° with the 
analyzer and the polarizer. 
 
We noticed that the number of defects in the cells with a small gap between the electrodes (6μm) is much smaller than in 
the other cells (figure 4). Moreover, in this case the structure is more stable in time. In the cells with a 20μm gap between 
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the electrodes the lying helix structure strongly degraded after a couple of weeks (figure 4). Degradation starts in a defect 
region and then propagates through the cell. To make the structure more stable, the number of defects has to be reduced. 
For this reason, it seems important to keep the gap between the electrodes small and to reduce the number of 
disconnected electrodes (obtained by etching too long during lithography). Eventually also a weak instead of a strong 
homeotropic alignment layer can be used to stabilize the lying helix structure. 
3. LASING PROPERTIES OF THE LYING HELIX STRUCTURE 
Compared to regular out-of-plane emitting CLC lasers, in-plane emitting CLC lasers with a lying helix structure have the 
advantage that the cavity length can be extended and the active region can be more uniformly pumped. The alignment of 
CLC in the regular Grandjean structure becomes troublesome when the cell thickness exceeds a certain value (~50μm), 
which limits the active cavity length. Moreover, absorption by the dye molecules makes the gain profile strongly non-
uniform along the cavity. In-plane emitting CLC lasers promise to have a lower threshold and higher efficiency since the 
cavity length can be extended and the pumping can be more uniform.  
 
Figure 5 Emission and absorption spectrum of the PM-597 dye in nematic LC E7 
 
Both Strangi et al.
7
 and Inoue et al.
8
 successfully demonstrated that the threshold for in-plane emitting CLC laser can be 
lower than for conventional CLC lasers. However, detailed information about the lasing spectrum and the lasing 
efficiency has not yet been reported. We use cells with a thickness of 3μm and obtain a lying helix structure by one of 
the techniques reported in section 2. Here we report on experimental results for samples in which 3wt% of the PM-597 
dye is added to the CLC mixture (E7 + BDH1305). The emission and absorption spectrum of the PM-597 dye is shown 
in figure 5. We compare the performance of the in-plane lasing CLC to the performance of out-of-plane emitting CLC 
and NLC lasers. The setup used for all these measurements is shown in figure 6. A frequency-doubled pulsed Nd:YAG 
laser (532nm, 300ps, Powerchip PNG-M02010, TeemPhotonics) is used to excite the sample. The laser beam passes 
through a rotatable half wave plate and a polarizing beam splitter to control the incident energie on the sample. The 
linearly polarized beam is focused onto the sample by a lens (f=70mm). The cell is placed in the focal plane of the lens 
and the angle between the pump beam and the sample is fixed at 45° for out-of-plane emitting cells and 90° for in-plane 
emitting CLC lasers. 
 
Figure 6 Schematic diagram of the optical setup used for an in-plane emitting CLC cell. For out-of-plane emitting NLC 
and CLC cells the angle between the pump beam and the sample was fixed at 45° instead of 90°. HWP: half wave plate, 
PBS: polarizing beam splitter. 
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In figure 7 the measured output energy vs. pump energy is shown for an in-plane emitting CLC laser. A typical laser 
behavior with a linear increase of the output energy above a certain threshold can be observed. The laser threshold is 
9nJ/pulse in this case and the slope efficiency is 11%. Above a maximal output energy, the output energy saturates or 
even starts to decrease. This saturation is a typical phenomenon observed in dye lasers and is usually explained by taking 
dye bleaching and quenching into account. For the in-plane emitting lasers, we will argue in the following that dye
bleaching is not the main mechanism. 
Figure 7 output pulse energy vs. input pulse energy for an in-plane emitting CLC laser 
If we measure the input/output energy experiment multiple times at the same position in the cell, not always the same 
behavior is observed. When the first experiment is stopped at low input energies, before saturation is reached, very 
comparable results are obtained in a subsequent experiment. However, when the pump energy is increased to an energy 
above the saturation threshold in the first experiment, a different behavior is observed in the second experiment (figure 
8). Subsequent experiments always give comparable results to the second one, apart from small changes related to dye
bleaching (figure 8). As can be seen in figure 8, the changes related to dye bleaching only have a minor impact on the
observed behavior. These observations seem to point out that the abrupt transition between the first and the second 
experiment can not be related to dye bleaching only. A partial destruction of the lying helix structure at high pump 
energies can explain  the observed behavior. At high pump energies, heating takes place in the cell and this could cause 
local melting or reorientation of the liquid crystal.  
Figure 8 Output pulse energy vs. input pulse energy for three subsequent experiments. The first, second and third 
experiments are shown in black circles, green squares and red triangles respectively. 
As can be seen in figure 9, the spectrum emitted by an in-plane emitting CLC laser typically contains multiple peaks. 
This is in contrast to common out-of-plane emitting CLC lasers where single-mode emission is usually observed. The
emission spectrum depends on the cell thickness, the position in the cell and the pump energy. When the pump energy is 
increased, the emission spectrum typically broadens. Above the saturation energy, the spectrum is in general less 
strongly peaked and has a width of several nanometer (≥4nm). When the experiment is repeated for the same position in 
the cell after reaching the saturation energy, a relatively broad spectrum is observed for all input energies. This supports 
the argument that the helix structure is partially destroyed.  
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LASING PROPERTIES FOR DIFFERENT PUMP SPOT SIZES 
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Figure 9 Emission spectra for input energies below and above the saturation threshold shown in a dashed black and solid 
red line respectively. The left and right pictures show measurements at different places in the cell. 
In-plane emitting CLC compared to out-of-plane emitting CLC and NLC 
In this section we compare the performance of in-plane emitting CLC lasers to that of out-of-plane emitting CLC and 
NLC lasers measured in the same setup.
15
 For these experiments, the spot size of the pump beam in the focal plane is 
≈340μm2 (1/e2). Three main conclusions can be drawn: the lasing threshold is substantially lower for in-plane emitting 
CLCs while the slope efficiency and maximal output energy can not yet compete with out-of plane emitting CLC and 
NLC lasers.  
Compared to regular CLC lasers, the lasing threshold is typically 5 times lower for the in-plane emitting CLC lasers. The 
slope efficiency on the other hand is around 10%, while an efficiency of 20% and 30% has been observed for out-of-
plane emitting CLC and NLC lasers respectively. It is reasonable to argue that both the slope efficiency and the threshold 
for the in-plane emitting CLC lasers can still be considerably enhanced. In our experiments, the 3μm thick cells 
illuminated by the pump beam perpendicularly (figure 6). For this reason, a large part of the incident light is not 
absorbed in the sample, even for a high dye concentration. The absorption coefficient was measured to be 0.48μm-1  at
532nm in a 3wt% PM597 dye-doped NLC cell. At high pump energies the absorption may be smaller due to induced 
transparency so 25% or more of the pump light is transmitted in a 3μm cell. By placing the cell under an angle or by 
applying longitudinal pumping, the absorption of the pump light can be increased and the slope efficiency and laser 
threshold are expected to increase and decrease respectively. The cell could also be pumped with an elongated beam 
instead of a circular spot. 
Influence of the pump spot size 
We investigated the influence of the pump spot size on the properties of the in-plane emitting CLC laser. The pump spot 
size in the focal plane was changed between ≈700μm2, 340μm2 and 70μm2 (1/e2). With decreasing pump spot size, the
slope efficiency increases and the laser threshold and maximal output energy decrease. Typical values measured for 
these three parameters can be found in table 1.  
Table 1. Average laser threshold energy, slope efficiency and maximal output energy measured for three different pump spot
sizes (700μm2, 340μm2 and 70μm2). 
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4. CONCLUSIONS AND FUTURE PERSPECTIVE
2D in-plane emitting CLC lasers with a lying helix structure are very promising since the cavity length can be extended 
and the active region can be more uniformly pumped compared to regular 1D out-of-plane emitting CLC lasers. In this 
paper an overview was given of several methods that can be used to align CLC in an in-plane lying helix structure.
Different techniques have proven to be partially successful but it is still hard to obtain a stable and defect-free structure 
over large areas. Further optimization of the lying helix structure seems necessary to improve the laser properties.  
Despite the incomplete absorption of the pump beam in the 3μm thick cells, we obtained a relatively high slope 
efficiency and low laser threshold. Slope efficiencies up to 12% were measured and the laser threshold was typically 5 
times lower than in regular CLC lasers under the same pumping conditions. By minimizing the number of defects in the 
structure and by optimizing the pumping conditions, it should be possible to further enhance the laser properties. Both 
pumping under an angle, lateral injection of pump pulses and pumping with an elongated beam can be considered.  
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